






















































   Location (left) Location (right) 
V1d -8	-92	-2 9 -94 -2 
V1v -7 -85 -7 8 -84 -8 
V2d -13 -99 2 12 -97 4 
	 14	
V2v -12 -84 -10 13 -82 -10 
V3d -19 -97 2 19 -94 7 
V3v -20 -80 -10 18 -79 -9 
hMT -42 -73 1 42 -73 1 
hMST -41 -66 2 43 -67 2 
V3A -17 -90 13 25 -88 17 
CSv -10 -32 37 10 -28 37 
pVIP -26 -56 50 28 -55 50 
V6 -14 -83 23 15 -80 25 	
Table 1. Mean location (Talairach co-ordinates of centroid) of each cortical region studied, 
shown separately for the left and right hemispheres. The centroid co-ordinates were 











 Horizontal eye stability (SD) Vertical eye stability (SD) 
Horizontal global motion 0.28 0.32 
Vertical global motion 0.36 0.27 
No motion 0.29 0.32 
 
Table 2. Stability (standard deviation in degrees) of the x and y components of eye position 
during horizontal and vertical global motion trials and during inter-trial intervals.  		
Discussion	
	In	this	study,	sensitivity	to	direction	of	global	motion	was	examined	by	perfectly	balancing	local	motion	across	stimuli	that	had	different	global	directions,	then	conducting	MVPA	on	the	BOLD	responses	they	elicited.	The	principal	purpose	of	the	
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study	was	to	test	the	existence	of	a	previously	overlooked	role	of	V2	and	V3	in	encoding	global	motion.			Global	motion	direction	could	not	be	decoded	from	responses	in	V1.	Neurons	in	the	LGN	are	not	direction-sensitive	in	macaques	and	are	not	thought	to	be	so	in	humans.	Therefore	V1	is	the	first	visual	region	with	direction-sensitive	neurons	and	is	the	site	of	initial	local	motion	detection.	Global	motion	perception	is	thought	to	arise	by	subsequent	integration	of	local	motion	signals	arising	in	V1.	Many	psychophysical	studies	have	characterized	this	process	(e.g.	Hiris	and	Blake,	1995;	Burr	et	al.,	1998;	Edwards	and	Badcock,	1998;	Smith	et	al.,	1999)	and	physiological	studies	have	demonstrated	and	characterized	integration	of	local	motion	signals	in	MT	neurons	(e.g.	Newsome	et	al.,	1989;	Britten	et	al.,	1993).	In	a	two-stage	scheme	of	this	kind,	global	motion	sensitivity	is	not	expected	in	V1,	and	was	not	found.	In	contrast,	strong	evidence	of	global	motion	sensitivity	was	found	in	hMT,	in	line	with	expectations.	The	striking	feature	of	our	results	is	that	global	motion	direction	could	be	decoded	in	V3	and	even,	albeit	more	weakly,	V2	(Figure	5).	Superficially,	this	is	surprising,	since	even	local	motion	sensitivity	is	not	particularly	strongly	associated	with	V2	or	V3.	In	macaques,	direction-sensitive	neurons	are	found	in	both	regions	but	most	reports	suggest	that	they	exist	only	in	similar	proportions	to	V1,	on	average	about	10-15%,	depending	on	the	study	and	measurement	method	(e.g.	Van	Essen	and	Zeki,	1978;	Zeki,	1978;	Baizer,	1982),	giving	no	reason	to	think	that	either	area	is	specialised	for	motion	processing.	Some	studies	have	suggested	higher	proportions	of	direction-selectivity	in	V2	and	V3.	For	example	Foster	et	al.	(1985)	reported	that	38%	of	cells	are	direction-selective	in	macaque	V2	compared	to	20%	in	V1,	while	Felleman	et	al.	(1987)	and	Gegenfurtner	et	al.	(1997)	both	reported	that	around	40%	of	cells	are	direction	sensitive	in	V3.		In	view	of	these	physiological	studies,	we	might	expect	to	be	able	to	decode	local	motion	direction	in	V2	and	V3	(as	has	been	demonstrated	in	humans:	Kamitani	and	Tong,	2006;	Hogendoorn	and	Verstraten,	2013).	However,	V2	and	V3	seem	unlikely	locations	for	the	extraction	of	global	direction	from	directionally	noisy	local	motion	signals.	Despite	multiple	reports	of	sensitivity	in	macaque	V2/V3	to	the	direction	of	rigidly	moving	stimuli,	we	know	of	no	evidence	of	the	kind	that	exists	in	MT	(e.g.	Newsome	et	al.,	1989)	for	spatial	integration	of	disparate	directions.	Gegenfurtner	et	al.	(1997)	has	shown	that	some	V3	cells	show	“pattern”	responses	to	plaids	(which	have	spatially	overlapping	
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components)	but	it	appears	that	integration	of	direction	signals	across	space	has	not	been	examined	physiologically	in	either	V2	or	V3	of	macaque.		The	fact	that	we	were	able	to	decode	the	direction	of	global	motion	from	responses	in	human	V2	and	V3	allows	us	to	speculate	about	how	afferent	signals	are	combined	in	V2	and	V3.	In	macaques,	V2	and	V3	receptive	fields	are	built	primarily	from	V1	afferents.	In	V2,	receptive	fields	are	larger	than	in	V1	and	in	V3	they	are	larger	still,	as	evidenced	both	in	single-unit	recording	in	macaques	(Gattass	et	al.,	1981;	Baizer,	1982;	Gattass	et	al.,	1988)	and	also	in	population	RF	estimates	from	fMRI	in	humans	(Smith	et	al.,	2001;	Harvey	and	Dumoulin,	2011).	These	larger	receptive	fields	presumably	arise	by	combining	inputs	from	V1	neurons	with	slightly	different	receptive	field	centers.	Spatial	integration	is	therefore	a	natural	consequence.	However,	global	motion	sensitivity	does	not	automatically	fall	out	of	having	large	receptive	fields	but	requires	specific	neural	wiring.	To	preserve	direction	selectivity,	it	is	necessary	for	spatial	pooling	to	be	constrained	to	specific	subsets	of	neurons.	Most	fundamentally,	the	V1	afferents	to	be	combined	must	be	drawn	from	the	minority	that	are	direction-sensitive.	To	create	narrow	direction	tuning,	they	must	be	drawn	from	subsets	with	quite	similar	direction	preferences.	To	create	global	motion	signals	that	are	robust	to	large	local	variations,	they	must	be	drawn	from	broader	subsets	covering	a	range	of	local	directions	(up	to	180deg).	Our	results	suggest	that	the	latter	process	occurs	in	V2	and	V3,	as	well	as	hMT.	An	alternative	possibility	is	that	global	motion	sensitivity	in	V2	and	V3	might	reflect	feedback	rather	than	feed-forward	connections.			
Purpose	of	global	motion	processing	in	V2	and	V3	
	It	is	likely	that	motion	signals	are	refined	in	different	ways	in	different	cortical	areas.	The	most	studied	area	in	macaques	is	MT,	where	motion	energy	signals	are	combined	in	specific	ways	for	specific	purposes,	including	solving	the	aperture	problem	to	give	specificity	to	“pattern	direction”	as	well	as	combining	signals	over	space.	In	MSTd,	the	emphasis	is	on	extracting	components	of	optic	flow.	Most	MSTd	neurons	respond	best	to	specific	combinations	of	expansion	and	rotation	and	many	do	so	in	a	position-invariant	manner	(Graziano	et	al.,	1994;	Lagae	et	al.,	1994).	This	clearly	requires	highly	selective	
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combination	of	inputs.	Macaque	VIP	is	in	many	ways	similar	to	MSTd	in	terms	of	visual	response	properties,	having	many	flow-sensitive	neurons	(Bremmer	et	al.,	2002).	Macaque	V6	has	also	been	associated	with	optic	flow	arising	from	self-motion.	However,	V6	emphasises	near-space	and	a	recent	review	(Pitzalis	et	al.,	2013a)	suggests	that	it	may	extract	information	about	objects	in	the	presence	of	flow,	rather	than	signaling	flow	
per	se.	Thus,	these	macaque	cortical	regions	all	respond	to	motion	on	a	global	scale	but	probably	encode	it	for	different	purposes.	The	same	applies	to	the	human	cortical	regions	we	have	studied.	We	have	previously	shown	that	hV6,	pVIP	and	CSv	are	not	only	responsive	to	optic	flow	but	selectively	responsive	to	egomotion-compatible	visual	motion	(Wall	and	Smith,	2008;	Cardin	and	Smith,	2010).	Two	of	them,	hV6	and	pVIP,	may	have	similar	properties	to	their	putative	macaque	counterparts.	They	respond	well	in	fMRI	studies	to	sustained	simulated	self-motion	in	a	constant	direction	(e.g.	forward	motion).	In	contrast,	CSv	responds	only	weakly	to	such	stimuli	but	appears	to	be	specifically	concerned	with	changes	in	heading	(Furlan	et	al.,	2014).	As	in	macaques,	different	motion-sensitive	regions	may	extract	different	types	of	global	motion	information.		What,	then,	is	the	purpose	of	global	motion	processing	in	V2	and	V3?	There	are	few	clues	in	the	literature,	which	is	limited	compared	to	that	on	V1	and	focuses	on	a	search	for	responses	properties	not	evident	in	V1.	Properties	proposed	are	typically	spatial	rather	than	temporal.	For	example,	Hegdé	and	Van	Essen	(2000)	report	sensitivity	to	complex	shapes	in	V2	while	Merigan	et	al.	(1993)	showed	that	macaque	V2	lesions	affect	complex	spatial	tasks	such	as	detecting	the	orientation	of	a	row	of	dots.	Although	V2	and	V3	project	to	MT	in	macaques,	there	is	little	reason	to	think	that	they	supply	MT	with	global	motion	information.	Indeed,	reversibly	inactivating	V2/V3	affects	MT	neurons	primarily	in	terms	of	their	sensitivity	to	depth	rather	than	motion	(Ponce	et	al.,	2008;	Ponce	et	al.,	2011;	Smolyanskaya	et	al.,	2015).	Motion-sensitive	neurons	in	V2	and	V3	may	therefore	primarily	project	elsewhere.			A	possible	destination	for	the	global	motion	signals	that	we	have	shown	to	be	present	in	V2/V3	is	area	V6.	V6	is	highly	specialised	for	motion	and	appears	to	carry	signals	relating	to	self-motion.	Although	there	are	anatomical	connections	between	MT	and	V6	in	macaques	(Galletti	et	al.,	2001),	it	is	not	thought	that	V6	derives	its	motion	sensitivity	
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from	MT/MST.	In	humans,	hMT+	and	V6	have	similar	response	latencies,	suggesting	that	they	receive	separate,	parallel	inputs	from	V1	and	that	V6	generates	self-motion	sensitivity	de	novo	rather	than	inheriting	it	from	MT+	(Pitzalis	et	al.,	2013b).	In	macaques,	a	direct	connection	between	V1	and	V6	has	been	demonstrated	(Galletti	et	al.,	2001),	adding	plausibility	to	this	suggestion.	We	suggest,	however,	that	the	global	motion	sensitivity	that	is	so	characteristic	of	V6	in	both	macaque	and	human	may	not	be	generated	primarily	from	V1	afferents	but	may	instead	be	based	in	large	part	on	afferents	from	V2	and	V3.	Galletti	et	al.	(2001)	showed	that	V6	connects	strongly	with	both	V2	and	V3,	as	well	as	V1,	and	indeed	Shipp	et	al.	(1998)	claimed	that	V6	connects	to	V2	and	V3	but	not	V1.	Earlier	tracer	studies	(Colby	et	al.,	1988;	Gattass	et	al.,	1997),	performed	prior	to	the	delineation	of	V6,	demonstrated	connections	between	V2/V3	and	area	PO,	which	corresponds	loosely	to	V6.	Indeed,	Colby	et	al.	claimed	that	V2	is	the	strongest	source	of	visual	input	to	area	PO.	In	view	of	the	specialization	of	V6	for	motion,	it	seems	likely	that	its	V2/V3	afferents	carry	motion	signals,	and	plausible	that	supplying	V6	with	global	motion	information	may	be	the	purpose	of	the	global	motion	sensitivity	that	we	have	demonstrated	in	V2	and	V3.	
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FIGURES	
	
	
Figure	1		Diagrammatic	representation	of	the	construction	of	the	stimuli.	Each	dot	had	a	random	position	and	a	random	axis	of	motion	(double	arrow).	It	oscillated	back	and	forth	along	this	axis,	reversing	every	500ms.	All	dots	oscillated	in	synchrony,	moving	together	in	the	directions	shown	by	the	solid	arrows	and	then	back	in	the	directions	shown	by	the	broken	arrows.	Upper	panel:	Class	1.	The	dots	all	have	“forward”	directions	(solid	arrow)	in	the	range	upward-rightward-downward	(0-180	deg)	and	“reverse”	directions	in	the	range	downward-leftward-upward	(180-360deg).	The	overall	stimulus	yields	global	motion	alternately	rightward	and	leftward.		Each	dot	is	labelled	A	or	B	according	to	whether	its	“forward”	direction	falls	between	0	deg	(up)	and	90	deg	(right)	or	between	90	deg	and	180	deg	(down).		Lower	panel:	Class	2.	The	dots	have	the	same	positions	and	motion	axes	as	in	Class	1	but	half	of	them	differ	in	oscillation	phase.	All	those	marked	‘A’	have	the	same	phase	as	in	Class	1.	Those	marked	‘B’	have	reversed	phases	(solid	and	broken	arrows	flipped).	Again,	dots	move	together	in	the	direction	of	
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the	forward	arrow	and	then	reverse.	This	yields	global	motion	that	alternates	between	upward	and	downward.		Thus,	the	two	classes	have	exactly	the	same	set	of	dots	and	are	perfectly	balanced	at	the	local	level	but	yield	orthogonal	global	motions.				
	
Figure	2	Medial	posterior	views	of	the	‘inflated’	right	hemispheres	of	the	participants	showing	the	locations	of	V1	(yellow),	V2	(red)	and	V3	(orange).	V2d	and	V3d	are	distinguished	from	V2v	and	V3v	by	the	use	of	more	saturated	colors.	The	regions	marked	are	the	regions	of	interest	used	in	the	study,	as	identified	by	retinotopic	mapping,	and	exclude	the	representation	of	the	far	periphery	of	the	visual	field	anteriorly	and	also	the	foveal	representation	at	the	occipital	pole.			
	
Figure	3	Decoding	performance	for	three	visual	areas	defined	with	independent	localiser	scans,	hMT,	hMST	and	V3A,	as	a	function	of	the	number	of	voxels	(features)	included	in	an	MVPA	analysis.	Each	point	is	the	mean	performance	from	100	random	voxel	selections	of	the	size	shown	on	the	abscissa.	The	total	number	of	available	voxels	is	shown	in	the	
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bottom	left	of	each	panel.	Also	shown	are	chance	decoding	performance	(dashed	line)	and	the	performance	level	that	is	significantly	above	chance	at	p<0.05,	derived	by	permutation	testing	(dotted	line).				
	
Figure	4	Decoding	performance	for	visual	areas	CSv,	pVIP	and	hV6	shown	in	the	same	way	as	in	Figure	3.						
	
Figure	5	Decoding	performance	for	visual	areas	V1,	V2	and	V3	shown	in	the	same	way	as	in	Figures	3	and	4.	In	the	case	of	V3,	performance	is	shown	separately	for	the	dorsal	(lower	visual	field)	and	ventral	(upper	visual	field)	portions.			
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Figure	6	Mean	amplitude,	expressed	as	beta	values	from	a	standard	(univariate)	regression	analysis,	of	the	BOLD	response	to	the	stimuli	(both	classes	combined),	shown	separately	for	each	visual	area	examined.	In	each	case,	amplitude	is	the	average	from	the	100	samples	of	250	voxels	used	in	the	MVPA	analysis	shown	in	Figures	3-5.			
	
Figure	7	
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Results	of	an	analysis	in	which	decoding	performance	(based	on	250	voxels)	in	each	visual	area	was	compared	with	performance	in	the	same	sample	when	the	labels	(vertical	or	horizontal	global	motion)	associated	with	the	exemplars	(stimulus	presentations)	were	randomly	permuted.	Each	panel	is	a	frequency	plot	showing	binned	
p	values	(only	values	up	to	0.5	are	shown)	from	1000	t-tests;	clustering	at	low	values	indicates	strong	sensitivity	to	global	motion	direction.			
	
Figure	8	Summary	statistics	from	the	analysis	shown	in	Figure	7.	For	each	visual	area,	the	median	probability	(p)	value	from	1000	t-tests	is	shown	(top)	together	with	the	proportion	of	t-tests	in	which	p	was	less	than	0.05	(bottom).	
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Figure	9	Decoding	performance	for	all	visual	areas	examined	taken	from	a	supplementary	analysis	in	which	the	participants	contributed	equal	numbers	of	voxels	to	any	given	analysis.			
	
Figure	10	Decoding	performance	for	V1,	V2	and	V3	from	a	supplementary	analysis	in	which	global	motion	was	decoded	separately	in	each	participant	and	the	results	averaged.	Error	bars	show	±1	SEM.			
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MULTIMEDIA	
	
Movie	1	Pictorial	representation	of	the	construction	of	the	stimuli.	Horizontal	and	vertical	global	motion	are	represented	in	the	left	and	right	panels	respectively.	In	the	left	panel,	4	dots	are	shown.	Each	has	a	random	start	location	and	moves	back	and	forth	along	a	randomly	chosen	axis.	Dot	motion	is	timed	such	that	the	horizontal	component	of	motion	is	the	same	(either	leftward	or	rightward)	for	all	dots	at	any	given	moment.	The	vertical	component	is	not	the	same	for	all	dots;	two	of	the	dots	(shown	in	yellow)	have	upward	components	when	the	other	two	(blue)	have	downward	components,	and	vice	versa.	The	colors	are	for	illustration	only	-	in	the	experiment	all	dots	were	white.	In	the	right	panel,	the	first	frame	is	identical	to	the	first	frame	of	the	left	panel	and	therefore	contains	the	same	4	dots.	Each	dot	moves	along	the	same	axis	as	in	the	left	panel.	Those	shown	in	blue	move	in	the	same	phase	as	in	the	left	panel	i.e.	their	movement	is	identical.	However	those	shown	in	yellow	move	on	the	same	axis	as	in	the	left	panel	but	with	the	opposite	temporal	phase:	when	they	have	a	downward	component	in	the	left	panel	they	have	an	upward	component	in	the	right	panel	and	vice	versa.	The	result	is	that	all	4	dots	have	the	same	vertical	component	(up	or	down)	at	any	given	moment	but	the	horizontal	components	are	opposite	for	blue	and	yellow	dots.	In	summary,	the	two	panels	have	exactly	the	same	dots	at	the	same	locations,	moving	on	the	same	axes,	but	differ	in	the	temporal	phase	of	half	the	dots.	One	temporal	cycle	is	shown	but	the	movie	may	be	looped	to	give	continuous	back	and	forth	motion.	
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Movie	2	Examples	of	global	motion	stimuli	constructed	on	the	principal	of	Movie	1.	Again	the	left	and	right	panels	show	horizontal	and	vertical	global	motion	respectively.	When	many	dots	with	random	motion	axes	are	drawn	and	move	according	to	the	rule	described,	the	overall	(global)	motion	in	the	left	panel	is	horizontal,	even	though	local	dot	directions	span	the	full	360deg	range.	In	the	right	panel,	global	motion	is	vertical.	The	movie	may	be	looped	to	give	continuous	back-and-forth	global	motion.	Global	motion	is	noisy	and	weak.	When	the	movie	is	directly	viewed,	global	motion	may	be	difficult	to	see	because	of	the	distracting	effect	of	individual	dots:	each	panel	contains	both	vertically	and	horizontally	moving	dots	(along	with	all	other	axes).	Global	motion	may	become	more	obvious	by	fixating	some	way	above	or	below	the	movie	to	place	the	movie	in	the	visual	periphery.	
